Uptake of D, L-glycerate into the chloroplast stroma has been studied using the technique of silicone oil filtering centrifugation. Glycerate uptake was 3 to 5 times higher in the light than in darkness, the stimulation by light being abolished by the proton ionophore carbonyl cyanide p-trifluoromethoxyphenyl hydrazone. The pH optimum for uptake was 7.0 at 2°C and 8. The results suggest that the chloroplast envelope contains a specific glycerate transporter, which differs from the previously reported transporters in that it is stimulated by light.
determined by chromatography, was 2 to 4 times that in the incubation medium. NHICI stimulated glycerate uptake and decreased its metabolism by the chloroplasts resulting in stromal concentrations of glycerate up to 6 times higher than in the medium. A number of weak acids inhibited glycerate uptake, lactate and glyoxylate being the most effective. The inhibition was not competitive with respect to glycerate. Glycerate uptake was also inhibited by p-chloromercuriphenyl sulfonate.
Substrates of the dicarboxylate transporter did not inhibit glycerate uptake. Of the four substrates of the phosphate transporter tested, 3-phosphoglycerate and dihydroxyacetone phosphate inhibited glycerate uptake but orthophosphate and glyceraldehyde-3-phosphate had little effect. The inhibition by 3-phosphoglycerate was competitive with respect to glycerate, with a K, of 0.2 millimolar, suggesting that 3-phosphoglycerate binds to the same site as glycerate. However, glycerate only inhibited 3-phosphoglycerate uptake slightly and the inhibition was not competitive, indicating that glycerate does not bind to the phosphate transporter. Glycerate did not counter exchange with 32P in chloroplasts which had been preloaded with 32pi, confirming that glycerate did not enter via the phosphate transporter.
The results suggest that the chloroplast envelope contains a specific glycerate transporter, which differs from the previously reported transporters in that it is stimulated by light.
With the elucidation of the pathway of photorespiration it has become clear that this process is compartmentalized, involving reactions in the chloroplast, peroxisome, mitrochondrion, and cytosol of leaf cells (10, 16) . Because of this compartmentation, there must be a controlled movement of photorespiratory metabolites between these organelles. One example is glycerate, which is produced from hydroxypyruvate in the peroxisomes and phospho- ' Supported by a Queen Elizabeth II Fellowship.
Organization, Division of Horticultural Research, GPO Box rylated by glycerate kinase, most of which is localized in the chloroplast (17) . Operation of this part of the pathway thus requires movement of glycerate from the peroxisome to the chloroplast at appreciable rates. However, uncontrolled movement of weak acids into the chloroplast leads to an acidification of the stroma and consequently inhibits CO2 fixation (2) , hence the movement of glycerate is likely to be regulated.
The inner chloroplast envelope membrane acts as a selective barrier to the movement of metabolites between the chloroplast and cytosol and specific transporters have been described that facilitate the transfer of a number of compounds across this membrane (4) . As yet, no transporter for glycerate has been described. Heber et al. (5) investigated the uptake of glycerate by isolated chloroplasts and found that it slowly penetrated the chloroplast envelope but there was no evidence for a carriermediated transport and glycerate was not accumulated inside the chloroplast. The rates of glycerate uptake reported by Heber et al. (5) were lower than the rate required to sustain photorespiration if all of the glycerate is phosphorylated in the chloroplast (10) . In a previous paper (12) , I reported that glycerate uptake by spinach chloroplasts was markedly stimulated by light and evidence was presented for a carrier-mediated transport of glycerate across the chloroplast envelope. The present paper provides evidence for a specific transporter for glycerate on the chloroplast envelope and details the properties of this transporter. 
MATERIALS AND METHODS

Chemicals
GLYCERATE TRANSPORT IN CHLOROPLASTS
MgC12, 1 mm MnCl2, 50 mm Hepes-KOH, and 0.2% BSA (pH 7.6) and placed into two centrifuge tubes. Each was underlayered with 4 ml of the same medium plus 40%o (v/v) Percoll, then the tubes were again centrifuged at 1200g for I min. Broken chloroplasts formed a band at the top of the Percoll layer, whereas intact chloroplasts were pelleted by this procedure. The supernatants were discarded and the pellets of intact chloroplasts were resuspended in the above medium. These chloroplasts were 96% to 99%o intact as judged by ferricyanide penetration (9) and exhibited ratesofCO2-dependent 02 evolution of 120 to 200 Mumol* mg Chl-1. h-1. Chlorophyll was determined by the method of Amnon (1) .
Glycerate Transport. Uptake of ['4C]glycerate was measured using the technique of silicone oil filtering centrifugation. The following were added to 0.4 ml polypropylene tubes: 20 ul 1 N HC104, 75 .d silicone oil, density 1.04 g/ml and viscosity 120 centistokes (type AR; Wacker Chemical Company, Munich, Germany), 200 pl chloroplast suspension. Incubations were carried out under a green safelight ('dark') or with saturating white light (1600 ME m-2 s-5, 400-700 nm). Unless stated otherwise, the chloroplasts (50,Ig Chl/ml) were incubated at 2°C for 1 min in 330 mm sorbitol, 2 mm EDTA, 1 mm MnCl2, 1 mm MgCl2, and 50 mm Hepes-KOH (pH 7.0) before starting uptake by addition of
[I4C]glycerate to a final concentration of 0.5 mm. After a further 30 s, uptake was stopped by centrifuging the tubes in a Beckman Microfuge. Radioactivity in the pellet and supernatant fractions was determined by liquid scintillation counting using external standard channels ratio for quench correction. To correct for material outside the chloroplast stroma which was carried through into the pellet fraction, parallel samples were run with ['4C]sorbitol and 3H20 and the sorbitol-impermeable water space (chloroplast stroma) was determined as described by Heldt (6) .
For 25 chloroplast preparations used in this study the mean sorbitol space) was still glycerate and this was subtracted from the total. Back Exchange of 32Pi. Chloroplasts were loaded with 32Pi by incubation for 10 min at 0°C with 5 mm 'Pi (2 Ci/mol) at a chlorophyll concentration of I mg/ml. One ml of this suspension was diluted with 3 ml resuspension medium then underlayered with 2 ml resuspension medium plus 40%o (v/v) Percoll and centrifuged at 1200g for 1 min. The chloroplast pellet was resuspended and the wash procedure repeated once more. Back exchange was measured at 2°C and pH 7.0 in the same medium as for_glycerate uptake. Correction was made for nonspecific leakage of 3P from the chloroplasts. RESULTS Time Course of Glycerate Uptake. In the dark at 2°C, there was initially an uptake of "C into the chloroplast stroma but this ceased after 0.5 to 1.0 min. The calculated concentration of 14C in the chloroplast stroma did not exceed that of the surrounding medium in the dark (Fig. 1) . In the light, 14C uptake was initially 10 ,aM FCCP. Concentration of glycerate in incubation medium was 0.5 mM and temperature was 2°C.
3-to 5-fold higher than in the dark and uptake continued for more than 10 min although the rate of uptake diminished with time ( Fig. 1 ). After 10 min in the light, the calculated concentration of "C in the stroma was up to 18 times the concentration of glycerate in the incubation medium although much of this radioactivity represented products of glycerate metabolism. Nevertheless, the actual concentration of ['4C]glycerate in the stroma (determined by chromatography) exceeded the concentration in the incubation medium by a factor of 4 ( Fig. 1) . Addition of the proton ionophore FCCP2 in the light-inhibited uptake to below that seen in the dark (Fig. 1) .
The time course of uptake in the light during the first 60 s after adding glycerate appeared biphasic. There was a rapid initial uptake in the first 10 to 15 s followed by a slower phase of uptake from 20 to 60 s. As a result, the calculated rate of uptake was not constant over this period but decreased with increasing incubation times. The initial rate of uptake (measured in the first 10 s) was 15 to 20 ttnol mg-' Chl h-' under the assay conditions described for for most experiments even though this underestimates the initial rate of uptake by a factor of 2 to 3.
Effect of pH and Temperature. At 2°C, the pH optimum for glycerate uptake was 7.0 although the pH curve was relatively broad over the pH range 6 to 9 (Fig. 2) . When measured at 20°C, glycerate uptake was greatest at pH 8.5 although the curve had a shoulder at pH 6.5 to 7.0 (Fig. 2) . With isolated chloroplasts, the pH of the stroma reflects the pH of the incubating medium but is not identical with it (7) . The changes in the rate of glycerate uptake shown in Figure 2 might result directly from an effect of external pH on the transporter or indirectly via changes brought about in the stroma pH and the pH gradient across the chloroplast envelope. Inasmuch as the pH of the stroma and thylakoid spaces are not the same at 2 and 20°C (7), it is not surprising that the pH optimum for glycerate uptake is different at the two temperatures.
The rate of glycerate uptake at 20°C was greater than at 2°C at all pH values in the range 6.0 to 9.0, but the effect of temperature was complicated by the difference in pH optima at 20 and 2°C (Fig. 2) . At pH 7.0, the rate of uptake at 20°C was only 1.3 times that at 2°C, whereas at pH 8.5 it was 5.5 times higher. The ratio of maximum rate at 20°C (measured at pH 8.5) to maximum rate at 2°C (measured at pH 7.0) was 2.2 which would give a Qlo value of 1.5. Unless stated otherwise, experiments were conducted at 2°C to resolve accurately the kinetics of uptake and to reduce metabolism of glycerate.
Kinetic Parameters. The rate of glycerate uptake in the light was dependent on the glycerate concentration, saturating above 6 to 8 mm (Fig. 3) (Fig. 1) (Table I) . Addition of the uncoupler NH4Cl increased the uptake of glycerate almost 2-fold and decreased its metabolism in the chloroplast, probably by interfering with the production of ATP. (At this concentration, C02-dependent 02 evolution was inhibited 30%o by NH4C1.) As a result, the calculated concentration of glycerate in the chloroplast was higher in the presence of NH4Cl and was more than 6 times the concentration in the medium. Addition of NEM, which inhibits the coupling factor of photophosphorylation, slightly decreased glycerate uptake but also decreased its metabolism in the chloroplast resulting in an increase in the glycerate concentration in the stroma. This concentration of NEM completely inhibited COrdependent 02 evolution. Another coupling factor inhibitor, DCCD, had a similar effect on glycerate transport (Table I) (Table I1) . These results demonstrate that there is some isomer specificity of the carrier but it is not possible to determine whether both isomers are actually transported. Uptake of "'C would be decreased by a substance which was transported by the carrier (by dilution of radioisotope) but also by a substance that was bound to the carrier (in competition with the radioisotope) but was not actually transported. From the data of Table II it can be concluded that both isomers can bind to the carrier although there appears to be a discrimination between the D and L isomers.
Inhibition by Weak Acids. While testing the effect of a number of structurally similar compounds, it was observed that a variety of weak acids inhibited glycerate uptake in the light, lactate and glyoxylate being the most effective of those tested (Table III) . When the inhibitory effect of glyoxylate was determined over a range of glycerate concentrations, it was apparent that the inhibition was not competitive, as the Km for glycerate was actually decreased slightly in the presence of glyoxylate (Fig. 4) . The Vmax was reduced by more than 50o in the presence of 0.5 mM glyoxylate. Similar results were obtained for the inhibition of lactate (data now shown). This suggests that these weak acids do not bind to the carrier at the glycerate site but inhibit transport by some other mechanism. Since weak acids have been shown to diminish the proton gradient across the chloroplast envelope (2) it is possible that they inhibit glycerate uptake in a similar fashion to the proton ionophore, FCCP. The effect of varying glyoxylate concentrations on glycerate transport is shown in Figure 5 . At pH 7.0, 50%o inhibition occurred at 0.4 to 0.5 mm glyoxylate which is higher than the concentration reported by Enser and Heber (2) (Fig. 7) . The any substance which enters on the carrier results in release of 32P from chloroplasts which have been preloaded with 3Pi. Both PGA and Pi promoted rapid release of 32p from the chloroplasts but glycerate had no effect, whether the chloroplasts were kept in darkness or in light (Fig. 8) . From these experiments, it was estimated that the rate of entry of glycerate on the phosphate transporter was less than 0.5 ,umol mg-Chi h-1 cornpared with a rate of glycerate uptake of 10 to 12 ,umol mg-' Chl h-under these same conditions. Inhibition of the Glycerate Transporter. CMS, which reacts with sufhydryl groups, is a strong inhibitor of the phosphate transporter but does not significantly affect the dicarboxylate or adenine nucleotide transporters (3, 14) . Glycerate uptake was inhibited more than 75% by CMS (Table IV) . PGA uptake was inhibited to a similar extent, whereas uptake of malate was inhibited only 24%, in agreement with previous results. Pyridoxal-5'-phosphate and trinitrobenzene sulfonate, both of which react with amino groups, did not inhibit glycerate uptake to any great extent (Table IV) . The differential inhibition by these reagents of the uptake of glycerate, malate, and PGA provides further evidence that the three enter chloroplasts via separate transporters.
DISCUSSION
In the dark, glycerate slowly entered only intact chloroplasts and the concentration attained in the chloroplast stroma was no higher than that in the surrounding medium, in agreement with the findings of Heber et aL (5) . Light markedly stimulated glycerate uptake (Fig. 1 ) and the concentration in the stroma exceeded that of the medium, particularly in the presence of NH4Cl (Table   I ). In the light, the uptake of glycerate showed saturation kinetics (Fig. 3) , was dependent on pH and temperature (Fig. 2) , exhibited discrimination of the D-and L-isomers (Table II) , and was inhibited by a variety of substances (Tables III and IV) . These results all indicate that glycerate uptake was carrier mediated and not the result of diffusion across the chloroplast envelope.
The response of glycerate uptake to temperature and pH was similar to that for the dicarboxylate transporter, which has a pH optimum between 7.0 and 7.5 and a Qlo value of approximately 1.5 (8) . In contrast, the velocity of the phosphate transporter is relatively independent of pH and the Qlo value for this carrier is greater than 2.5 (3). The lack of inhibition of glycerate uptake by dicarboxylic acids (Table III) indicates that glycerate does not enter on this carrier, which has been shown previously to be specific for dicarboxylates (8) . The inhibition of glycerate uptake by PGA suggests that glycerate might enter on the phosphate transporter but a number of lines of evidence suggest that this is not the case. Pi and glyceraldehyde-3-P did not significantly inhibit glycerate uptake (Table III) , glycerate did not competi-
